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Acute liver failure is a devastating consequence of hepatotoxic liver injury that can lead to the development 
of hepatic encephalopathy. There is no consensus on the best model to represent these syndromes in mice, and 
therefore the aim of this study was to classify hepatic and neurological consequences of azoxymethane- and 
thioacetamide-induced liver injury. Azoxymethane-treated mice were euthanized at time points representing 
absence of minor and significant stages of neurological decline. Thioacetamide-treated mice had tissue collected 
at up to 3 days following daily injections. Liver histology, serum chemistry, bile acids, and cytokine levels were 
measured. Reflexes, grip strength measurement, and ataxia were calculated for all groups. Brain ammonia, bile 
acid levels, cerebral edema, and neuroinflammation were measured. Finally, in vitro and in vivo assessments of 
blood–brain barrier function were performed. Serum transaminases and liver histology demonstrate that both 
models generated hepatotoxic liver injury. Serum proinflammatory cytokine levels were significantly elevated 
in both models. Azoxymethane-treated mice had progressive neurological deficits, while thioacetamide-treated 
mice had inconsistent neurological deficits. Bile acids and cerebral edema were increased to a higher degree 
in azoxymethane-treated mice, while cerebral ammonia and neuroinflammation were greater in thioacetamide-
treated mice. Blood–brain barrier permeability exists in both models but was likely not due to direct toxicity 
of azoxymethane or thioacetamide on brain endothelial cells. In conclusion, both models generate acute liver 
injury and hepatic encephalopathy, but the requirement of a single injection and the more consistent neurologi-
cal decline make azoxymethane treatment a better model for acute liver failure with hepatic encephalopathy.
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INTRODUCTION

Acute liver failure is a consequence of a rapid hepatic 
insult that leads to a loss of liver function and various 
hepatic and extrahepatic complications. One significant 
and difficult to manage complication from acute liver 
failure is the development of neurological complications 
termed hepatic encephalopathy. Hepatic encephalopathy 
is defined as brain dysfunction caused by liver insuffi-
ciency or porto systemic shunting that can manifest as a 
wide array of neurological abnormalities, ranging from 
subclinical alterations to coma1. Mortality is increased 
in patients with acute liver failure with hepatic enceph-
alopathy due to the development of cerebral edema and 
subsequent brain herniation that occurs in over 20% of 
patients2. In order to develop novel therapeutic approaches 
for the management of hepatic encephalopathy resulting 
from acute liver failure, appropriate animal models that 
mimic clinical aspects of this syndrome are necessary. 

While animal models do exist for hepatic encephalopa-
thy, there is not a definitive model accepted for use in 
mice to generate toxin-induced acute liver failure with 
hepatic encephalopathy.

Mouse models of acute liver failure and hepatic 
encephalopathy need to produce morbidity from acute 
liver failure, have reproducibility and reversibility of 
pathology, have a sufficient therapeutic window, and 
develop progressive hepatic encephalopathy3. Hepatic 
encephalopathy has four defined stages of neurological 
decline based on the West-Haven criteria. Grade 0 rep-
resents normal consciousness, intellect, and behavior; 
grade 1 patients present with a mild lack of awareness 
and a shortened attention span; grade 2 is characterized 
by lethargy and minimal disorientation; grade 3 is clas-
sified by somnolence and lack of awareness; and grade 4 
is characterized by coma. While many of these clinical 
characteristics are not easily examined in mice, measures 
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of murine reflexes and neuromuscular impairment can be 
assessed to show similar disease progression compared to 
the West-Haven criteria4,5. Besides these neurobehavioral 
changes, elevation of ammonia, cerebral edema, and neu-
roinflammation should occur, as these are present during 
hepatic encephalopathy due to acute liver failure6,7.

Acute liver failure with hepatic encephalopathy pre-
dominantly occurs in Western Europe and the US as a 
result of acetaminophen toxicity, with transplant-free sur-
vival approaching 70%8,9. However, acetaminophen tox-
icity in mice leads to a rapid and significant liver injury 
that peaks at 12 h when administered at 300 mg/kg, fol-
lowed by hepatic regeneration that can fully repair the 
liver at 72 h10. With the rapid resolution of liver impair-
ment, these mice fail to develop significant, consistent, 
and reproducible symptoms of overt hepatic encephal-
opathy, making this model inappropriate for the study of 
hepatic encephalopathy. Other models of acute liver failure 
with hepatic encephalopathy are needed and have been 
suggested for use by the International Society for Hepatic 
Encephalopathy and Nitrogen Metabolism, including the 
azoxymethane (AOM) model in mice and the thioacet-
amide (TAA) model in rats11. However, some concerns 
have been raised with the AOM model, as it is thought to 
generate direct extrahepatic toxicity, primarily on brain 
endothelial cells12. Be cause of this, the TAA model vali-
dated in rats has been modified and implemented in mice 
and has now been published as an alternative model of  
hepatic encephalopathy in various studies13–16.

The overall goal of this report was to compare and 
characterize the AOM and TAA models of acute liver fail-
ure and hepatic encephalopathy in mice using published 
methodology. This will be assessed through a biochemi-
cal, behavioral, and physiological investigation into both 
models to assess their strengths and weaknesses in mod-
eling acute liver failure with hepatic encephalopathy.

MATERIALS AND METHODS
Materials

Hematoxylin QS was purchased from Vector Labo-
ratories (Burlingame, CA, USA). Eosin Y was pur-
chased from MilliporeSigma (St. Louis, MO, USA). 
The Ammonia Assay Kit utilized in analyzing cortical 
and serum ammonia levels was purchased from Mil-
liporeSigma. Antibodies against ionized calcium-binding 
adapter molecule 1 (IBA1) were purchased from Wako 
Chemicals USA (Richmond, VA, USA). ELISA assay 
kits for chemokine ligand 2 (CCL2), chemokine (C-X3-C 
motif) ligand 1 (CX3CL1), interleukin-6 (IL-6), and inter-
leukin-1b (IL-1b) were purchased from R&D Systems 
(Minneapolis, MN, USA). All other chemicals, unless 
otherwise stated, were purchased from MilliporeSigma 
and were of the highest quality grade available.

Azoxymethane and Thioacetamide Mouse Models

The animal experiments performed in this study were 
approved by and complied with the Baylor Scott &  
White IACUC regulations on animal experiments (proto-
col #2011-052-R). All in vivo experiments were perfor-
med in 10- to 12-week-old male C57BL/6 mice obtained  
from Charles River Laboratories (Wilmington, MA, USA).  
Mice were given free access to water and standard rodent 
chow and housed in constant temperature, humidity, and 
12-h light–dark cycling. Any mice that underwent 20% 
or greater weight loss were euthanized and removed 
from the study. Tissue from all mice was flash frozen 
using liquid nitrogen and collected at designated stages 
of neurological decline or at defined time points. Whole 
blood was collected directly from the heart via cardiac  
puncture and centrifuged to separate serum.

In order to cause AOM-induced hepatic injury, mice 
were injected via a single intraperitoneal (IP) injection 
of AOM at 100 mg/kg. The AOM stages of neurological 
decline were designated at the following time points after 
injection for this study: 4 h after AOM injection (prior to 
neurological symptoms), 12 h after AOM injection (minor 
neurological dysfunction with weakened reflexes and mild 
ataxia), and 16 h after AOM injection (major neurologi-
cal dysfunction with significant ataxia and reflex deficits).  
For the remainder of this study, these groups will be  
referred to as AOM 4Hr, AOM 12Hr, and AOM 16Hr.

A single injection of TAA in mice does not generate 
significant hepatic encephalopathy, with previous publi-
cations reporting a requirement of 3 consecutive days of 
TAA injections as necessary to generate significant liver 
injury and increased brain edema17. In this study, TAA-
induced liver injury was generated via a series of one to 
three consecutive injections of TAA at 100 mg/kg to clas-
sify both the liver injury and the development of hepatic 
encephalopathy with each consecutive dose of TAA. The 
TAA groups used for this study were designated as the fol-
lowing: 6Hr and 24Hr after first injection, 6Hr and 24Hr 
after 2 days of daily injections, and 6Hr and 24Hr after 3 
days of daily injections. For the remainder of this study, 
these groups will be referred to as TAA 1st Inj 6Hr, TAA 
1st Inj 24Hr, TAA 2nd Inj 6Hr, TAA 2nd Inj 24Hr, TAA 
3rd Inj 6Hr, and TAA 3rd Inj 24Hr.

In each model, mice were placed on heating pads, 
maintained at 37°C to prevent hypothermia, and moni-
tored frequently for signs of neurological decline. To 
reduce the effects of hypoglycemia and dehydration, the 
mice were given hydrogel and rodent chow on the cage 
floor for ease of access and were injected subcutaneously 
with 5% dextrose in 250 µl of saline when needed.

Measures of Neurological and Neuromuscular Deficits

Neurological function was assessed in all groups by 
measuring five reflexes and ataxia and scoring them on a 
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scale of 0 (no reflex and severe ataxia) to 2 (intact reflex 
and no ataxia). The reflexes tested at each observation 
were pinna reflex, corneal reflex, tail flexion reflex, escape 
response reflex, and righting reflex. The resulting neuro-
logical score was defined as the summation of reflex 
scores with the degree of ataxia. In AOM-injected mice, 
12 h following the injection (and then every 2 h after), 
body temperature, weight, and neurological assessments 
were recorded. Because of the TAA model not being fully 
validated with regard to neurological decline, several time 
points were selected to best assess the presence of neuro-
logical decline and overt hepatic encephalopathy. In TAA-
injected mice, an hour before the specified time point, 
body temperature, weight, and neurological assessments 
were assessed. In both AOM- and TAA-treated groups, an 
investigator blind to the treatments observed the mice.

The gait of each group of mice was measured using 
the DigiGait Imaging System and analyzed using the 
DigiGait Imager and Analysis software created by Mouse 
Specifics Inc. (Framingham, MA). This imaging technol-
ogy records images of the underside of the experimental 
mice walking on top of a motorized, transparent treadmill 
belt and generates digital paw prints. The paw prints were 
analyzed using software, which provides the ataxia coef-
ficient for fore- and hindlimbs [calculated by (maximum 
stride length − minimum stride length)/average stride 
length]. Data were recorded in all groups until the mice 
were unable to walk effectively.

Grip strength was recorded using a Grip Strength  
Meter purchased from Columbus Instruments (Columbus, 
OH, USA). Mice were supported under their bodies and 
held by their tails until they had a firm grip on the grip 
strength bar with their forelimbs. The mice were then grad-
ually pulled away from the bar until they lost their grip 
on the bar. This was repeated three times, and the values  
were averaged for each mouse at each observation point.

Liver Injury Assessment

Liver damage was determined by hematoxylin and 
eosin (H&E) staining according to previously published 
protocols5. Paraffin-embedded livers were cut into 4-µm 
sections and mounted onto positively charged slides 
(VWR, Radnor, PA, USA). Slides were deparaffinized 
and stained with Hematoxylin QS for 1 min followed 
by Eosin Y for 1 min, and then rinsed in 95% ethanol. 
The slides were then dipped into 100% ethanol and sub-
sequently through two xylene washes. Coverslips were 
mounted onto the slides using CytoSeal XYL mounting 
media (ThermoFisher Scientific, Waltham, MA, USA). 
The slides were viewed and imaged using an Olympus 
BX40 microscope with an Olympus DP25 imaging sys-
tem (Center Valley, PA, USA).

Liver function was assessed by measuring serum ala-
nine aminotransferase (ALT), aspartate aminotransferase 

(AST), and total bilirubin (TBIL) levels using a Cat-
alyst One serum chemistry analyzer from IDEXX Labo-
ratories, Inc. (Westbrook, MA, USA). Serum ammonia 
levels were measured using an Ammonia Assay Kit 
(MilliporeSigma) following the kit’s instructions. Serum 
bile acids were measured using the SNAP Bile Acids  
Test Kit from IDEXX Laboratories according to manu-
facturer’s instructions. Prothrombin time and interna-
tional normalized ratio (PT/INR) was assessed using 
a Coag-Sense PT/INR Monitoring System purchased  
from Coag-Sense, Inc. (Fremont, CA, USA) from whole 
blood collected via cardiac puncture.

ELISA Assays

Cortex tissue from all treatment groups was homoge-
nized using a Miltenyi Biotec gentleMACS™ Dissociator 
(San Diego, CA, USA), and total protein was quantified 
using a ThermoFisher Pierce™ BCA Protein Assay kit 
(Waltham, MA, USA). Capture antibodies against IL-6, 
IL-1b, CCL2, or CX3CL1 were incubated overnight in 
96-well plates. Each ELISA was performed according 
to the instructions provided from R&D Systems, and the 
total input protein for each sample was 100 µg or serum 
diluted 1:10. Absorbance was read using a SpectraMax® 
M5 plate reader from Molecular Devices (Sunnyvale, 
CA, USA). Data were reported as CCL2, IL-6, IL-1b, or 
CX3CL1 concentration per milligram of total lysate pro-
tein or per milliliter of serum.

Brain Biochemistry and Cerebral Edema

Homogenized cortex tissue was utilized in assess-
ing tissue ammonia levels using an Ammonia Assay Kit 
(MilliporeSigma) following the kit’s instructions. All 
values were reported as mmol of ammonia normalized 
to grams of lysate protein. Bile acids were measured in 
cortex homogenates using the SNAP Bile Acids Test Kit 
from IDEXX Laboratories. Reported values are nmol of 
bile acid normalized to milligrams of lysate protein.

Cerebral edema was assessed in all mice using the  
wet to dry weight method described by Baskaya et al.18. 
Fresh cortical samples were placed into preweighed 
microcentrifuge tubes and the wet weight was recorded. 
Tubes were left open and placed into a drying oven at 
70°C for 48 h before being weighed again for the dry 
weight. Water content was expressed as a percentage of 
brain weight; calculated as [(wet weight − dry weight)/
wet weight] ́  100%. Increased brain water content of 
1%–2% in mice is indicative of cerebral edema19,20.

Immunofluorescence

Mice were transcardially perfused with ice-cold phos-
phate-buffered saline (PBS) followed by 4% paraform-
aldehyde (PFA). Whole brains were removed and placed 
into PFA for 24 h then placed in a 30% sucrose solution 
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for cryoprotection. Brains were frozen using optimal cut-
ting temperature compound (Fisher Scientific, Suwanee, 
GA, USA) and sectioned in 30-µm sections using a cry-
ostat. Free-floating immunostaining was performed on 
brain sections using anti-IBA1 immunoreactivity to 
detect morphology and relative staining of microglia. 
Immunoreactivity was visualized using fluorescent sec-
ondary antibodies labeled with Cy3 and counterstained 
with ProLong® Gold AntiFade Reagent containing 4¢,6-
diamidino-2-phenylindole (DAPI). Slides were viewed 
and imaged using a Leica Microsystems TCS SP5-X 
inverted confocal microscope (Buffalo Grove, IL, USA). 
Z-stack images of IBA1+ microglia were taken and com-
piled as previously described21. Quantification of IBA1 
field staining was performed by converting images to 
grayscale, inverting their color, and quantifying the num-
ber of IBA1+ pixels to total pixel count as a measure of 
percent area using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

Blood–Brain Barrier Permeability

Mice were administered 100 µl of Evans blue dye  
(25 mg/ml) at 18 h after AOM injection, at the second 
TAA injection at 24 h, or at the third TAA injection at  
6 h. Evans blue was administered via retro-orbital injec-
tion under isofluorane anesthesia, after which the mice 
were allowed to recover for 20 min, while the dye circu-
lated in their system before tissue was collected. Mice 
were euthanized and then perfused transcardially with 
50 ml of cold PBS. Whole brains were collected, and 
cerebella and brainstems were removed before homog-
enization using a glass homogenizer and 2 ml of 50% 
(w/v) trichloroacetic acid. The resulting homogenates 
were collected in a 15-ml centrifuge tube, spun down 
at 1,000 ́  g for 5 min and then plated in a 96-well plate, 
and absorbance was read using a SpectraMax® M5 plate 
reader from Molecular Devices.

An in vitro model of the blood–brain barrier (BBB) 
containing brain endothelial cells, primary astrocytes, 
and pericytes was used. Mouse pericytes were purchased 
from iXCells Biotechnologies (San Diego, CA, USA). 
Mouse brain endothelial cell line 3 (bEnd.3) cells were 
purchased from the American Type Culture Collection 
(Manassas, VA, USA). Primary astrocytes were isolated 
from P3 C57BL/6 mouse pups. Mice were decapitated, 
and whole brains were removed, the cortex of these brains 
were isolated, and meninges and dura were removed. The 
cells were pelleted by centrifugation at 1,400 ́  g, resus-
pended in media, and plated on a 182-cm2 flask purchased 
from Santa Cruz Biotechnology. Once the cells grew to 
confluency, the astrocytes were isolated via a 2-h shake at 
250 rpm and 37°C until the microglia were lifted off the 
flask. This left an astrocyte-rich cell layer attached to the 
bottom of the 182-cm2 flask.

The BBB was modeled with these three cell lines by 
plating astrocytes on the lower surface of a Transwell 
permeable membrane insert. Once the astrocytes were 
adherent, bEnd.3 cells were seeded to the upper surface 
and allowed to grow to confluence. In the meantime, 
mouse pericytes were seeded in a 24-well plate prior to 
the placing of the bEnd.3/astrocyte-containing Transwell 
insert into the well.

This coculture system was treated by adding AOM or 
TAA (both at 10 µg/ml), or recombinant IL-1b (10 ng/ml) 
as a positive control to the Transwell for 24 h22. Media 
were exchanged for a clear phenol red-free media, and 
then 10-kDa fluorescein isothiocyanate (FITC)–dextran 
(2 mg/ml) was added to the top of the well for 1 h at 37°C. 
The fluorescence in the bottom and top of the well was 
read using a SpectraMax® M5 plate reader. Fluorescence 
(excitation: 494 nm; emission: 520 nm) was read in the 
upper and lower chambers, and the permeability coef-
ficient was determined using the following formula23: 
Pdextran = (RFUlower/RFUupper)(V)(1/t)(1/A), where RFU is the 
relative fluorescence units in the upper and lower wells, 
V is the volume of the bottom well, t is the time that the 
FITC–dextran was allowed to diffuse, and A is the total 
surface area of the monolayer (cm2). Permeability coef-
ficients were normalized by setting basal cell monolayers 
to a value of 1 to minimize variability between trials.

Statistical Analyses

All statistical analyses were performed using GraphPad 
Prism software (La Jolla, CA), and the results were 
expressed as mean ± SEM. For data passing normality 
tests, significance was established using the Student’s 
t-test when differences between two groups were ana-
lyzed and analysis of variance when differences between 
three or more groups were compared, followed by the 
appropriate post hoc test. If tests for normality failed, two 
groups were compared with a Mann–Whitney U-test or 
a Kruskal–Wallis ranked analysis when more than two 
groups were analyzed. Differences were considered sig-
nificant for values of p < 0.05.

RESULTS

AOM or TAA Treatments Generate Severe  
Hepatotoxic Liver Injury

Initially, the AOM and TAA models were validated 
to generate progressive acute liver injury resulting in 
decreased hepatic function over time. H&E staining in 
livers from mice treated with vehicle, AOM, or TAA 
(Fig. 1) was performed to confirm acute liver injury in 
both hepatotoxin models. Indeed, as the AOM-treated 
mice progressed through their time course, hepatic dam-
age consistently increased with microvesicular steato-
sis present in AOM 4Hr mice, and hepatocyte necrosis, 
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dilation of hepatic sinusoids, and hemorrhage were pres-
ent in the AOM 12Hr and AOM 16Hr groups (Fig. 1A). 
H&E staining in livers from the TAA-injected mice 
determined that these mice have progressive liver injury 
that increases with duration and number of injections. 
Hepatocyte necrosis is observed following the first TAA 
injection with widespread necrosis, hepatocyte balloon-
ing, immune cell infiltration, and hemorrhage occurring 
following the second TAA injection (Fig. 1B). These data 
support that both models progress toward acute liver fail-
ure and that these models share similarities and differ-
ences in their histopathological profiles.

In order to validate the histochemical findings in  
AOM- and TAA-treated mice, we performed serum analy-
ses including ALT, AST, TBIL, ammonia, and bile acid 
concentration measurement (Table 1). In AOM- and TAA- 
treated mice, there were significant elevations in ALT 
and AST at the later stages of both models (Table 1). 
TBIL was slightly increased in both models with signifi-
cant increases in the AOM 12Hr, AOM 16Hr, TAA 1st 
Inj 6Hr, and TAA 2nd Inj 24Hr groups (Table 1). Serum 
ammonia levels are significantly elevated in both mouse 
models, but the reported values are higher in TAA-treated 
mice compared to AOM-treated mice (Table 1). The 
TAA 2nd Inj 24Hr group and the AOM 16Hr group had 
the highest serum ammonia values, with a significantly 

higher value for the TAA 2nd Inj 24Hr group compared 
to the AOM 16Hr group (p = 0.0346). Serum bile acids 
are significantly elevated in all treatment groups, with  
the largest values reported in the AOM 16Hr and TAA 
3rd Inj 6Hr groups (Table 1). PT/INR times were also 
calculated and are delayed compared to vehicle-treated 
mice in AOM 4Hr, AOM 12Hr, and AOM 16Hr mice 
with clotting times that were unable to be detected 
(Table 1). TAA-treated mice exhibited delayed but vari-
able clotting times through the time course with no group 
having an undetectable PT/INR time (Table 1). These 
results validate the histological findings demonstrating 
increased liver pathology and decreased hepatic func-
tion throughout the time course of both AOM- and TAA-
treated mice.

Serum Cytokine Levels Are Elevated in AOM- and  
TAA-Treated Mice

The detection of circulating inflammatory markers in 
the serum is a hallmark of liver injury and can contribute 
to hepatic encephalopathy progression7,24. The concentra-
tion of serum CCL2 was elevated in comparison to vehi-
cle at every stage of the AOM and TAA time course with 
significance noted in every treatment group (Fig. 2A). 
IL-6 concentrations in serum from the AOM 12Hr,  
AOM 16Hr, TAA 1st Inj 6Hr, TAA 2nd Inj 6Hr, TAA 2nd 

Figure 1. Liver injury is induced by azoxymethane (AOM) or thioacetamide (TAA) treatment. (A) Hematoxylin and eosin (H&E)-
stained liver sections from vehicle and AOM-treated mice throughout their time course. (B) H&E-stained liver sections from vehicle 
and TAA-treated mice throughout their time course.



176 GRANT ET AL.

Inj 24Hr, TAA 3rd Inj 6Hr, and TAA 3rd Inj 24Hr groups 
were significantly elevated compared to vehicle. How-
ever, AOM 12Hr and AOM 16Hr had the highest eleva-
tions of this proinflammatory cytokine with over a 10-fold 
significant increase in AOM 16Hr compared to TAA 3rd 
Inj 24Hr, which was the highest TAA group (p = 0.0289) 
(Fig. 2B). Serum IL-1b concentrations follow a similar 
trend of steadily increasing in AOM-treated mice, though 
levels were significantly elevated only in the AOM 12Hr 
and AOM 16Hr groups (Fig. 2C). In TAA-treated mice, 
a significant increase in the concentration of IL-1b was 
not observed until the third injection of TAA, though val-
ues observed were significantly lower than those in the 
AOM-treated mice, as TAA 3rd Inj 6Hr was significantly 
lower than AOM 16Hr (p = 0.0112) (Fig. 2C).

AOM or TAA Treatment Leads to Behavioral  
and Cognitive Deficits

Behavioral and cognitive deficits are two fundamental 
aspects of hepatic encephalopathy that contribute to the 
neurological burden of the disease. In all groups, reflexes 
and ataxia were assessed postinjection, with observations 
performed throughout the progression of these models. 
In AOM-treated mice, there was a steady decline in neu-
rological function in comparison to vehicle-treated mice, 
with the greatest decline evident in AOM 16Hr (Fig. 3A). 
TAA-treated mice did not present with significant neuro-
logical decline until the TAA 3rd Inj 24Hr group (Fig. 3A). 
Grip strength force in AOM-treated mice demonstrates a 
significant decrease in the AOM 4Hr, AOM 12Hr, and 
AOM 16Hr groups. TAA-injected mice had inconsis-
tent grip strength, with a significant decrease shown in 
only the TAA 2nd Inj 24Hr and TAA 3rd Inj 6Hr groups  
(Fig. 3B). The ataxia coefficient measured using the 
DigiGait treadmill was only measured in the early stages 

of acute liver failure in both models. The presence of 
ataxia was increased in the AOM 4Hr and AOM 12Hr 
groups, demonstrating variability between maximum 
and minimum stride lengths (Fig. 3C). TAA-treated mice 
presented with variable ataxia coefficient measurements 
with a significant increase in ataxia observed in the TAA 
1st Inj 6Hr and TAA 1st Inj 24Hr groups (Fig. 3C).

Alterations of Brain Biochemistry and Increased 
Cerebral Edema in AOM- and TAA-Treated Mice

Outside of neurological changes, hepatic encephal-
opathy is characterized by increased concentrations of 
ammonia and bile acids in the brain as well as by the 
presence of cerebral edema25–27. AOM-treated mice had 
a small yet significant increase in cortical ammonia con-
centrations in the AOM 12Hr and AOM 16Hr groups 
compared to vehicle-treated mice (Fig. 4A). In the 
TAA-treated mice, there was a large increase in cortical 
ammonia concentrations after the first injection of TAA, 
and levels remained significantly elevated through the 
entire TAA time course (Fig. 4A). This increase in corti-
cal ammonia concentrations was significantly increased 
in the TAA 1st Inj 6Hr, TAA 2nd Inj 6Hr, TAA 2nd Inj 
24Hr, and TAA 3rd Inj 6Hr groups compared to the AOM 
12Hr group, the AOM group with the highest cortical 
ammonia values (p = 0.0017, p = 0.0176, p = 0.0331, and 
p = 0.0037, respectively). Cortical bile acids steadily 
increased through the time course in AOM-treated mice 
with significant increases in AOM 16Hr mice (Fig. 4B). 
TAA-treated mice did not have a significant increase in 
cortical bile acids at any of the time points measured 
(Fig. 4B). AOM-treated mice presented with a significant 
increase in cerebral cortex water content, a measure of 
edema, with increases throughout the AOM time course 
in comparison to vehicle (Fig. 4C). TAA-treated mice had 

Table 1. Serum Chemistry of Azoxymethane (AOM)- and Thioacetamide (TAA)-Treated Mice

Treatment ALT (U/L) AST (U/L) TBIL (mg/dl)
Serum 

Ammonia (µM)
Serum Bile 

Acids (µmol/L) PT/INR (s)

AOM vehicle 216.75 ± 45.50 31.25 ± 4.23 0.8 ± 0.26 31.65 ± 2.19 7 ± 2.08 11.55/0.93 ± 1
AOM 4Hr 299 ± 49.68 119.2 ± 16.94* 2 ± 0.46 37.26 ± 0.47* 20.67 ± 3.71* 12.45/1.05 ± 0.5
AOM 12Hr 1,824.25 ± 175.75* 205.5 ± 18.91* 1.83 ± 0.33* 33.22 ± 3.57 45.33 ± 8.11* –
AOM 16Hr 3,500 ± 500* 201.5 ± 98.5* 2.25 ± 0.45* 47.98 ± 5.29* 120 ± 20.21* –
TAA vehicle 216.75 ± 45.50 31.25 ± 4.23 0.8 ± 0.26 31.65 ± 2.19 9 ± 0.58 11.55/0.93 ± 0.18
TAA 1st Inj 6Hr 457.4 ± 40.74* 100.2 ± 12.18* 2.36 ± 0.45* 59.76 ± 1.16* 66.67 ± 8.33* 11.6/0.95 ± 0.65
TAA 1st Inj 24Hr 750.75 ± 109.16* 224.8 ± 104.81 2.44 ± 1.59 60.10 ± 1.49* 66.67 ± 4.41* 14.57/0.83 ± 0.38*
TAA 2nd Inj 6Hr 2,290 ± 332.74* 274.6 ± 31.18* 1.63 ± 0.74 57.69 ± 1.65* 96.67 ± 21.67* 14.63/1.2 ± 0.61*
TAA 2nd Inj 24Hr 2,656.8 ± 479.66* 296.6 ± 73.43* 3.06 ± 0.80* 62.54 ± 0.80* 90 ± 12.58* 19.38/1.7 ± 1.61*
TAA 3rd Inj 6Hr 4,457 ± 1108.17* 342.5 ± 70.00* 2.48 ± 0.97 43.77 ± 0.83* 115 ± 16.07* 20.18/1.7 ± 3.35*
TAA 3rd Inj 24Hr 5,278.5 ± 317.91* 339.25 ± 24.05* 0.96 ± 0.45 38.24 ± 0.86* 71.67 ± 13.02* 13.2/1.33 ± 3.40

Data for all values are reported as mean ± standard error of the mean (SEM).
*p < 0.05 compared to vehicle-treated mice.
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an increase in cerebral edema only reaching significance 
in the TAA 3rd Inj 24Hr group (Fig. 4C).

Microglia Activation Occurs in AOM- and  
TAA-Treated Mice

In order to see if these changes in behavior and  
brain biochemistry correlated with neuroinflammation, the 
morphology and proliferation of microglia were asses sed 
using IBA1 staining. Vehicle, AOM 4Hr, and AOM  

12Hr groups had microglia displaying the quiescent  
phenotype with rounded cell bodies and extended pro-
cesses (Fig. 5A). In the AOM 16Hr group, microglia 
displayed activation with a larger cell body with shorter 
processes, demonstrating an activation of these immune 
cells as the disease progressed (Fig. 5A). Microglia from 
TAA-injected mice were observed to display the activated 
phenotype in the TAA 2nd Inj 6Hr, TAA 2nd Inj 24Hr, 
and TAA 3rd Inj 6Hr groups (Fig. 5B). Quantification 

Figure 2. AOM and TAA treatments led to increased serum cytokine levels. (A) Chemokine ligand 2 (CCL2) concentrations in serum 
obtained from the whole blood of vehicle-, AOM- (left), and TAA-injected (right) mice during their time course. (B) Interleukin-6 
(IL-6) concentrations in serum obtained from the whole blood of vehicle-, AOM- (left), and TAA-injected (right) mice during their 
time course. (C) IL-1b concentrations in serum obtained from the whole blood of vehicle-, AOM- (left), and TAA-injected (right) mice 
during their time course. Data are expressed as average ± SEM with an n = 3 or higher for all groups for the ELISA analyses. *p < 0.05 
with respect to vehicle-treated mice.
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of IBA1 field staining from AOM-treated mice demon-
strated that these mice display an increase in the per-
centage of IBA1 staining per field in the AOM 12Hr 
and AOM 16Hr groups (Fig. 5A and C). TAA-injected 
mice varied in the amount of microglia proliferation, 
with a significant increase observed in the TAA 2nd  
Inj 24Hr and TAA 3rd Inj 6Hr groups (Fig. 5B and C).

Microglia activation can lead to the production of 
proinflammatory factors or the suppression of anti- 
inflammatory mediators. Previously, we demonstrated that 
CCL2 promotes microglia activation, while CX3CL1 
acts to repress microglia activation during AOM-induced 
hepatic encephalopathy28,29. Therefore, tight control of 
these chemokines is important in controlling the activa-
tion of microglia. The expression of cortical CCL2 is 
significantly increased in AOM-treated mice in the AOM 

12Hr and AOM 16Hr groups (Fig. 6A). TAA-treated mice 
also show a significant upregulation of cortical CCL2 
levels in all groups following the second injection with 
significantly higher concentrations in the TAA 2nd Inj 
6Hr compared to the AOM 16Hr group, the AOM group 
with highest cortical CCL2 concentrations (p = 0.0419) 
(Fig. 6A). Cortical CX3CL1 concentrations in AOM-
treated mice were significantly lower in the AOM 12Hr 
and AOM 16Hr groups in comparison to vehicle-treated 
mice (Fig. 6B). TAA-treated mice had significantly lower 
CX3CL1 expression throughout the progression of the 
disease, with the greatest decrease in the TAA 3rd Inj 6Hr 
and TAA 3rd Inj 24Hr groups (Fig. 6B). Together, these 
data demonstrate that the signal to activate microglia is 
upregulated while the signal that represses microglia acti-
vation is downregulated in both experimental paradigms.

Figure 3. Cognitive and neuromuscular deficits exist in AOM- and TAA-treated mice. (A) Neurological scoring during the time 
course of AOM- (left) and TAA-injected (right) mice. Neurological score is calculated by reflex and ataxia assessments, where a 
neurological score of 12 indicates normal function with the score decreasing as neurological impairment occurs. (B) Grip strength 
measurement calculated as force of the mice’s forelimbs (in Newtons, N) for AOM- (left) and TAA-treated (right) mice during their 
time course. (C) The ataxia coefficient obtained from the DigiGait Analysis Imaging software representing step-to-step variability of 
the respective limb in AOM- (left) and TAA-treated (right) mice during their time course. Data are expressed as average ± SEM with 
an n = 4 or higher for all groups for neurological score and behavioral analyses. *p < 0.05 with respect to vehicle-treated mice.
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BBB Permeability Occurs in AOM- and  
TAA-Treated Mice

Lastly, the function of the BBB needed to be assessed 
in both models to ensure that these toxins do not directly 
generate neurotoxicity. An appropriate model for hepatic 
encephalopathy will have BBB permeability but not until 
later stages of the disease when the combined efforts of 
liver inflammation, increased ammonia, bile acids, and 
neuroinflammation have the opportunity to exert effects 
on the neurovascular unit. Initially, BBB permeability 
was assessed in vivo in the vehicle, AOM 16Hr, TAA 

2nd Inj 24Hr, and TAA 3rd Inj 6Hr groups by Evans blue 
extravasation in brain tissue following retro-orbital injec-
tion. Qualitatively, the amount of Evans blue is increased 
in brains from the AOM 16Hr, TAA 2nd Inj 24Hr, and 
TAA 3rd Inj 6Hr groups, but not the vehicle-treated brain 
(Fig. 7A). These brains were homogenized, and Evans blue 
dye concentration was quantified, which determined that 
there was a significant and similar increase in Evans blue 
content in all groups compared to vehicle (Fig. 7B). To 
ensure that these findings were due to BBB permeability 
caused by toxin-induced liver injury and not from direct 
drug toxicity on brain endothelial cells, an in vitro model 

Figure 4. Cerebral ammonia, bile acids, and edema increase during AOM- and TAA-induced liver injury. (A) Cortical ammonia 
concentrations during the time course of AOM- (left) and TAA-treated (right) mice measured in mmol per gram of total protein. 
(B) Cortical bile acid concentrations measured during the time course of AOM- (left) and TAA-treated (right) mice measured in nmol 
per milligram protein. (C) Percentage of brain water content reported during the time course of AOM- (left) and TAA-treated (right) 
mice. Data are expressed as average ± SEM with an n = 3 or higher reported for all groups for each indicated assay. *p < 0.05 with 
respect to vehicle-treated mice.
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of the BBB was utilized that included brain endothelial 
cells, astrocytes, and pericytes (Fig. 7C). Treatment of 
these cells with AOM or TAA modestly increased perme-
ability of the endothelial cell layer as measured by FITC–
dextran transmembrane diffusion (Fig. 7D). However, 
the magnitude of effect for either hepatotoxin was sig-
nificantly lower than the IL-1b+ control, suggesting 
minimal direct toxicity of these hepatotoxins on brain  
endothelial cells (Fig. 7D).

DISCUSSION

The major aims of this study were to classify the 
biochemical, behavioral, and molecular characteristics 
of the AOM and TAA models of acute liver failure and 
hepatic encephalopathy. The data presented within dem-
onstrate that both the AOM and TAA models generate 
significant liver damage that correlates with increased 
serum cytokine levels. Both of these models generate 

Figure 5. AOM and TAA treatments led to activation of microglia. (A) Cortical ionized calcium-binding adapter molecule 1 (IBA1; 
red) immunofluorescence images in mice treated with vehicle or AOM during their time course that were stained with 4¢,6-diamidino-
2-phenylindole (DAPI) (blue). Z-stack images of individual microglia (top) and field images (bottom) are provided. (B) Cortical 
IBA1 (red) immunofluorescence images in mice treated with vehicle or TAA during their time course that were stained with DAPI 
(blue). Z-stack images of individual microglia (top) and field images (bottom) are provided. (C) Quantification of IBA1 field immu-
nofluorescence in the cortex of vehicle-, AOM-, and TAA-treated mice. Data are expressed as average ±SEM. *p < 0.05 with respect 
to vehicle-treated mice.
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neurological decline, motor deficits, and neuroinflam-
mation, although the AOM model has consistent and 
gradual neurological decline and requires only a single 
dose unlike the TAA model that has inconsistent neuro-
logical dysfunction and takes two or three injections to 
generate overt hepatic encephalopathy. Furthermore, we 
demonstrate that both models generate an increase in 
BBB permeability, though this was likely not a result of  
direct toxicity of AOM or TAA on brain endothelial cells 
as demonstrated through in vitro studies.

Models of acute liver failure with hepatic encephalopa-
thy have been compared and contrasted in various species 
and approaches by the International Society for Hepatic 
Encephalopathy and Nitrogen Metabolism11. Butterworth 
et al. describe surgical and hepatotoxin models of acute 
liver failure with hepatic encephalopathy and report that 
the anhepatic models are not validated in mice11. However, 
the authors do describe that the only validated hepatotoxin 
model in mice is the AOM model11. Other researchers have 
compared AOM to other models of acute liver failure and 
hepatic encephalopathy in mice such as the cotreatment 

with galactosamine and tumor necrosis factor-a, which 
had poorer reproducibility and a narrower therapeutic 
window compared to AOM treatment30. That being said, 
a modified TAA treatment regimen has been developed 
for use in mice as a model of acute liver failure with 
hepatic encephalopathy, which up to this point had not 
been comprehensively compared to the AOM model with 
regard to liver pathology, inflammation, neuromuscular 
function, and neurological decline13. Neuroinflammation 
has also become an increasingly important area to inves-
tigate as microglia activation has been observed during 
acute liver failure in a patient with hepatic encephalopa-
thy, and therefore this study also examined this aspect of 
pathology7. The current study investigated the AOM and 
TAA models as the best possible models of toxin-induced 
acute liver failure and hepatic encephalopathy in mice, 
though new models may be later developed that better 
represent these syndromes.

The AOM model was first characterized as a model of 
hepatotoxin-induced liver failure and hepatic encephal-
opathy by Matkow skyj et al., and the authors found that 
following AOM administration, serum ALT and ammo-
nia were elevated, and this correlated with neurological 
decline that culminated in coma in approximately 36 h31. 
A more detailed analysis of neurological dysfunction 
in this model was published by Bélanger et al., which 
determined that there was cerebral edema, elevated 
brain ammonia, and dysregulated amino acid levels in 
the cortex of normothermic mice and that a majority 
of these effects were not present in AOM-treated mice 
that were hypothermic with a 35°C body temperature32. 
As hypothermia occurs naturally during AOM-induced 
liver injury, controlling body temperature to ensure con-
sistent progression of hepatic encephalopathy is critical 
in this model, which was accomplished in the pres-
ent study through placing heating pads underneath the 
mouse cages and monitoring the temperatures of the 
mice. The current study found that AOM treatment gen-
erates microvesicular steatosis, dilation of hepatic sinu-
soids, and hepatocyte necrosis in addition to elevations 
of serum transaminases and bile acids with the largest 
increases when mice progressed toward coma. Serum 
ammonia levels also increase throughout the progression 
of this model, though the values reported in this study 
were lower than what has previously been reported, 
which we believe may be a result of the instrument and 
assay technique that were used. In addition to this, there 
were elevations of CCL2, IL-6, and IL-1b in the serum, 
demonstrating that this model generates substantial sys-
temic inflammation. AOM treatment generated signifi-
cant neurological deficits as shown by delayed reflexes, 
a loss of grip strength, and increased ataxia. In addition, 
this model shows elevations of cortical ammonia, corti-
cal bile acids, cerebral edema, and neuroinflammation. 

Figure 6. Cortical CCL2 and chemokine (C-X3-C motif) ligand 
1 (CX3CL1) are dysregulated during AOM- and TAA-induced 
liver injury. (A) CCL2 concentrations in cortex homogenates 
normalized to total protein concentrations from vehicle-, 
AOM- (left), and TAA-injected (right) mice. (B) CX3CL1 con-
centrations in cortex homogenates normalized to total protein 
concentrations from vehicle-, AOM- (left), and TAA-injected 
(right) mice. Data are expressed as average ± SEM with an n = 3 
or higher for all groups for ELISA assays. *p < 0.05 with respect 
to vehicle-treated mice.
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The combination of these elements demonstrates that 
the AOM model generates all relevant criteria to serve 
as a model of acute liver failure and hepatic encephal-
opathy. Some of the downfalls of this model are that 
it leads to hypothermia and hypoglycemia, and these 
must be controlled to reduce variability between experi-
ments. In addition, the levels of cortical ammonia and 
measures of cortex CCL2 are not elevated to the same 
magnitude as observed in TAA-treated mice, indicat-
ing that the AOM model may not be the most appropri-
ate for studying hyperammonemia or CCL2-induced 
neuroinflammation.

The TAA model was first validated as a model of acute 
liver failure with hepatic encephalopathy using two injec-
tions of TAA, which lead to substantial hepatic necrosis, 
impaired liver function, neurological decline, increased 
brain ammonia, and cerebral edema13. Unfortunately, this 
model has a relatively high rate of mortality, as close to 
40% of the mice do not survive following the second 
injection13. In the TAA model, we found that a mini-
mum of two injections were necessary to generate sig-
nificant hepatic dysfunction and hepatic encephalopathy. 
The livers from TAA-treated mice have a large degree 

of hepatocyte necrosis and hemorrhage similar to those 
from the AOM model. However, in livers from TAA-
treated mice, hepatocyte ballooning and infiltration of 
immune cells were observed, and these aspects of pathol-
ogy were not present during AOM-induced liver injury. 
Associated with this progressive liver injury were eleva-
tions of transaminases and bile acids following the second 
TAA injection. Similar to what was observed in AOM-
treated mice, serum ammonia levels were significantly 
elevated following the second TAA injection, though 
the values reported were lower than anticipated during a 
model of acute liver failure. Elevations of serum CCL2 
were observed, and IL-6 and IL-1b were also upregulated 
following TAA injection, though the levels of IL-6 and 
IL-1b were significantly lower than what was observed 
in AOM-treated mice. Significant neurological decline in 
the TAA model was not observed until after the third TAA 
injection, and grip strength and ataxia occurred at differ-
ent time points following TAA injection. Cerebral edema 
and elevated brain ammonia were present in TAA-treated 
mice, though bile acids were not increased in the cortex 
of TAA-treated mice. Finally, microglia activation was 
increased and correlated to increased CCL2 expression 

Figure 7. Blood–brain barrier (BBB) permeability is induced following AOM and TAA treatments. (A) Representative images of 
whole brains obtained from vehicle-, AOM 16Hr-, TAA 2nd Inj 24Hr-, and TAA 3rd Inj 6Hr-injected mice after Evans blue retro-
orbital injection. (B) Quantification of Evans blue dye absorption from vehicle-, AOM 16Hr-, TAA 2nd Inj 24Hr-, and TAA 3rd Inj 
6Hr-injected mice. (C) Figure demonstrating in vitro coculture model utilized for these studies. The red line indicates the Transwell 
insert, and the blue line indicates the well of the 24-well plate. All treatments were applied only to the top of the Transwell insert as 
shown by the arrow in the figure. (D) In vitro permeability measured by 10-kDa fluorescein isothiocyanate (FITC)–dextran diffusion 
in basal, AOM-, TAA-, or IL-1b-treated bEnd.3 cells. Data are expressed as average ± SEM with the an n = 3 or higher for all groups for 
each analysis. *p < 0.05 with respect to vehicle-treated mice or basal bEnd.3 cells, #p < 0.05 compared to AOM-treated bEnd.3 cells.
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and decreased CX3CL1 expression in TAA-treated mice 
following the second TAA injection. Overall, these results 
demonstrate that the TAA model generates significant 
liver damage, elevations of ammonia, and neuroinflam-
mation. However, cerebral bile acids are not elevated, 
and neurological decline is inconsistent. Therefore, it 
appears that the TAA model generates aspects of hepatic 
encephalopathy, though with less consistency than the 
AOM model. The TAA model does generate a greater 
increase in brain ammonia, indicating that this model 
would be better suited than the AOM model for studying 
hyperammonemia.

Liver injury leads to systemic inflammation and an 
increase in bile acids, ammonia, and other metabolites 
that can contribute to opening of the BBB. This appears 
to be dependent on the severity of the hepatic injury, as 
in liver injury models that do not generate hepatic failure, 
such as ischemia–reperfusion injury, BBB permeability 
is not observed33. In a more severe model of liver injury 
involving 10% ethanol feeding for 3 weeks followed 
by injection of 300 mg/kg acetaminophen, there was an 
increase in BBB permeability as assessed via increased 
Evans blue dye in the brain34. These authors also report 
that transplantation of bone marrow cells reduced BBB 
permeability in alcohol diet-fed mice injected with acet-
aminophen, which they conclude is due to reduced tumor 
necrosis factor-a production, supporting the role of 
inflammation in opening of the BBB34. Increased perme-
ability of the BBB is a key feature of hepatic encephal-
opathy and is observed in 4-week bile duct ligated rats, 
where multiple brain regions, including the cortex, have 
increased penetrance to sodium fluorescein and FITC–
dextran35. Similar findings have been made using the 
AOM model of acute liver failure and hepatic encephal-
opathy. Chastre et al. show that AOM alone does not lead 
to an opening of the BBB, but requires a coinjection of 
LPS36. It should be noted that the AOM mice in this study 
were euthanized much earlier than the current study with 
mice being sacrificed at 8.3 ± 0.5 h36. This could account 
for why AOM-induced permeability is observed at the 
18-h time point, as more inflammation and liver injury 
occur as this model progresses. This finding at this time 
point is not unique, as our lab and other investigators 
have seen that AOM treatment leads to the opening of 
the BBB at later stages of neurological decline37,38. The 
TAA model of acute liver failure with hepatic encephal-
opathy does generate edema as assessed by MRI, though 
the specific mechanism of this has not been previously 
validated13. This report demonstrated that repeated injec-
tions of TAA at the 2-day and 3-day time points increased 
BBB permeability using Evans blue binding in brain tis-
sue. Other investigators have studied BBB permeabil-
ity in vitro using a two-model system containing brain 
endothelial cells and astrocytes and found that AOM, but 

not TAA, induced monolayer permeability12. This report 
expanded upon these studies by adding pericytes into this 
model and found that neither toxin induced extensive per-
meability due to direct toxicity, giving support that the 
liver injury and resulting inflammation work in concert 
to open the BBB.

The current study does highlight that there are many 
different parameters that are altered during acute liver 
failure and the development of hepatic encephalopa-
thy. As both of these models do generate progressive 
hepatic encephalopathy, there are different parameters 
that mirror neurological decline, while others do not 
across both models. Therefore, it appears that brain 
water percentage, Evans blue binding, serum IL-6, 
serum IL-1b, cortical CX3CL1, and cortex IBA1 stain-
ing are reliable measures of neurological decline in both 
models. While other pathological characteristics are 
elevated, such as serum ammonia, cortical ammonia, 
and cortical bile acid levels to name a few, the values 
do not align with neurological decline in both groups. 
This gives support that in the case of these two mod-
els, increased systemic and brain inflammation work 
in concert with BBB permeability to induce hepatic 
encephalopathy, while ammonia plays a less important 
role. Whether these findings regarding ammonia are 
a result of a model-specific effect due to differential 
effects on liver injury and metabolism, or if ammonia 
does not directly contribute to neurological decline in 
these models, requires additional studies.

In conclusion, both models do generate significant 
liver injury, neurological decline, elevations of ammonia, 
cerebral edema, neuroinflammation, and BBB perme-
ability. TAA is unique in that it has a greater increase in 
cerebral ammonia, while AOM generates more consistent 
neurological deficits and an increase in cortical bile acid 
content. These characteristics of AOM, combined with its 
single dose, better reproducibility, low mortality, and larger 
therapeutic window, demonstrates that this model is a bet-
ter alternative than TAA in generating toxin-induced acute 
liver failure with hepatic encephalopathy in mice.
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